In this article, a new type of core-shell nanoparticle is introduced. In contrast to most reported coreshell systems, the particles presented here consist of a porous core as well as a porous shell using only non-metal materials. The core-shell nanoparticles were successfully synthesized using nanoporous silica nanoparticles (NPSNPs) as the starting material, which were coated with nanoporous phenylene-bridged organosilica, resulting in a total particle diameter of about 80 nm. The combination of a hydrophilic nanoporous silica core and a more hydrophobic nanoporous organosilica shell provides regions of different chemical character and slightly different pore sizes within one particle. These different properties combined in one particle enable the selective adsorption of guest molecules at different parts of the particle depending on the molecular charge and polarity. On the other hand, the core-shell make-up of the particles provides a sequential release of guest molecules adsorbed at different parts of the nanoparticles. As a proof of concept, loading and release experiments with dyes were performed using non polar fluorescein and polar and charged methylene blue as model guest molecules. Non polar fluorescein is mostly adsorbed on the hydrophobic organosilica shell and therefore quickly released whereas the polar methylene blue, accumulated in the hydrophilic silica core, is only released subsequently. This occurs in small doses for an extended time corresponding to a sustained release over at least one year, controlled by the organosilica shell which acts as a diffusion barrier. An initial experiment with two drugs -non polar ibuprofen and polar and charged procaine hydrochloride -has been carried out as well and shows that the core-shell nanoparticles presented here can also be used for the sequential release of more relevant combinations of molecules. † Electronic supplementary information (ESI) available: Sorption experiments (hysteresis scan of CSNPs; SEM images of nanoparticles; IR-measurements of different types of NPSNPs; thermogravimetric measurements of blind and loaded samples; visual photographs of supernatants of release studies on reference samples; TEM images of particles after release). See
Introduction
Core-shell nanoparticles, which have been synthesized since the early 1990s, 1,2 are an interesting group of nanoparticles as they combine different kinds of materials and therefore are usually multifunctional. For example, a coating shell offers options for modifications changing the accessibility of the core and therefore its reactivity. Furthermore, it can influence the dispersibility, stability of the core or other features. Core-shell nanoparticles occur in a wide variety based on their size, shape and structure, ranging from single layer nanoparticles to multi-shell types or particles with hollow parts. 1, 3 Often, such nanoparticles consist of dense metal or metal oxide cores, e.g., gold [4] [5] [6] or magnetite, [7] [8] [9] [10] and therefore can act as catalytically active centers or provide magnetic properties. Only a few coreshell systems have been described which contain a dense silica core. 11, 12 For example, Haffer et al. 13 reported a one-pot synthesis producing dense silica coated with periodic mesoporous organosilica (PMO). Here, the core only has a passive function, as in this case the impermeability of dense silica was intended to shorten diffusion paths for HPLC applications.
Mesoporous silicas are often used as an outer shell in the construction of core-shell nanoparticles. Then, the large permanent cargo space can be used to store and release substances, and reactive silanol groups on the surface enable modifications via post-grafting methods and therefore allow for an adaptation of the surface chemistry to the intended application. 14 For uses in the biomedical field, mesoporous silica shows good biocompatibility and low toxicity, a topic which has been intensively studied and reported. [15] [16] [17] [18] [19] PMOs were discovered in 1999 [20] [21] [22] and offer similar advantages as silica. They are built up from bridged bissilylated organosilanes of the type (RO) 3 Si-R 0 -Si(OR) 3 providing inherent and homogeneously distributed organic functionalities within the highly porous network. [23] [24] [25] They are also assumed to be biocompatible 26 and offer options for further modifications via post-grafting or via functionalization of the organic bridging units. 14 Since organosilicas are very versatile materials, there are several examples of existing core-shell nanoparticles containing this material, mainly originating from ethane-bridged precursors. [27] [28] [29] [30] However, practically all of these nanoparticles contain dense cores or are hollow. Nevertheless, core-shell nanoparticles with a core which is also porous could show interesting properties and be beneficial for several applications like adsorption or drug delivery. 31 In general, apart from the present work, core-shell nanoparticles with a mesoporous silica core and a PMO shell have only been reported by Song et al. 32 They synthesized a sulfonic acid-modified porous silica core coated with a porous organosilica shell for catalytic applications. Anwander's group recently reported on a PMO core/mesoporous silica shell material and used it for the controlled release of a single agent, a fungicide. 30 The presence of two chemically different pore systems, however, implies that two different substances could also be released and delivered, for example, two drugs. 33 Most of the described nanoporous materials release only a single active agent, although the release of a combination of drugs, especially sequentially in time, might be beneficial for many applications, e.g., for the treatment of implant-associated infections. In such cases, healing could be supported by using an anti-inflammatory drug in the initial days to deal with acute inflammations or infections, and later on, by using a healing-promoting drug over several weeks. In the literature, sequential release materials or systems are known, but most of these are based on polymers. 34, 35 Accordingly, long-term release systems which have been described so far are mainly based on polymers as well. 36, 37 However, there are some disadvantages with regard to polymer-based systems. The incorporation of drugs can cause drastic changes in the mechanical properties of the polymer, with the incorporated drug molecules acting as plasticizers or disturbing the cross-linking of the polymers. Another disadvantage might be that frequently used polymers in biomedicine, like silicones, are not biodegradable, and so cannot be used for applications where a healing-supporting system is needed only temporarily until the body itself can resume its function.
Herein, we describe the construction of core-shell nanoparticles with a core of mesoporous silica and a shell of mesoporous phenylene-bridged organosilica; we use the different hydrophilicities of the two materials (hydrophilic silica/hydrophobic organosilica) for the autonomous selective adsorption of active agents at different parts of the particles, as demonstrated in Scheme 1.
It is assumed that hydrophobic guest molecules will preferably be adsorbed in the more hydrophobic shell with relatively large organic bridging units, whereas hydrophilic guest molecules will accumulate in the hydrophilic silica core. Regarding the release of such molecules, we expected a fast release from the shell and a delayed release from the core, due to different diffusion path lengths, but also due to the hydrophobic environment presented by the PMO part through which the hydrophilic guest molecules from the core must travel. We explain the synthesis of the coreshell silica-organosilica nanoparticles and demonstrate sequential delivery using a pair of easily detectable dyes (methylene blue/ fluorescein) and a pair of relevant drugs (procaine hydrochloride/ ibuprofen).
Experimental section

Chemicals
All chemicals were used as received without further purification. Ethanol (EMPLURA, absolute) was purchased from Merck (Darmstadt, Germany). The remaining chemicals stated in the following were purchased from Sigma-Aldrich (München, Germany): cetyltrimethylammonium bromide (Z96%; CTAB), diethanolamine (Z99.5%; DEA), tetraethylorthosilicate (Z99%; TEOS), hydrogen peroxide (30%), ammonia (25% in water), hydrochloric acid (2 M), 1,4-bis(triethoxysilyl)benzene (Z96%; BTEB), methylene blue hydrate (Z97%; MB), fluorescein (Reag. Ph. Eur.; FC) and phosphate buffered saline (PBS). For all synthesis and modification steps, ultrapure water (18.2 MO cm) was used.
Synthesis of NPSNPs
Nanoporous silica nanoparticles serving as the starting material for core-shell nanoparticles were synthesized according to an adapted literature procedure of Qiao et al. 38 as previously presented by Neumann et al. 39 6.32 g CTAB and 0.46 g DEA were dissolved in 26.8 mL ethanol and 150 mL water for 30 minutes at 40 1C, and subsequently 17.12 g of TEOS were added. This mixture was stirred for 2 h at 40 1C and then centrifuged at 18 000g. The white product was washed twice in water and once in ethanol by re-dispersing it in the solvent using ultrasonication and a subsequent centrifugation (18 000 g). The particles were dried at 60 1C and calcined at 550 1C for 5 h with a heating rate of 1 1C min À1 to remove the surfactant. These particles are denoted as NPSNP_ca.
Pretreatment or extraction of NPSNPs
In the preparation of the core-shell nanoparticles, it was noted that freshly calcined nanoparticles lead to larger core-shell Scheme 1 Loading of an entirely porous core-shell nanoparticle consisting of a hydrophilic silica core and a hydrophobic organosilica shell. Hydrophobic (orange) and hydrophilic guest molecules (blue) are selectively adsorbed at different parts of the nanoparticles, leading to different release behaviors depending on the diffusion path length.
nanoparticles due to the agglomeration of silica nanoparticles before the growth of the organosilica shell. Nevertheless, a successful synthesis with calcined nanoparticles as the starting material is possible, if they are stored for 3 months or longer. For better reproducibility of the size of core-shell nanoparticles and a more time-efficient synthesis, a pretreatment or an extraction of the silica cores is recommended.
For the pretreatment, 40 2.00 g of calcined NPSNPs were stirred in a solution of 50 mL water, 10 mL ammonia (25%) and 10 mL hydrogen peroxide (30%) for 20 minutes. Afterwards, the particles were filtered, washed with water several times and dried at 60 1C. These particles are denoted as NPSNP_pt.
As an alternative to the pretreatment, an extraction instead of a calcination can be performed. For this, 5.00 g of as-synthesized and dried NPSNPs were stirred in a solution of 150 mL ethanol and 6 mL hydrochloric acid (2 M) in a round-bottomed flask under reflux at 100 1C for 24 h. Afterwards, the nanoparticles were filtered, washed with ethanol several times and dried at 60 1C. These particles are denoted as NPSNP_ex.
Synthesis of the organosilica shell
For the synthesis of the organosilica shell, the silica nanoparticles acting as the starting material were sieved with a mesh made of stainless steel (Retsch, Haan, Germany; mesh width 200 mm). The coating of the silica spheres was performed using a synthesis procedure adapted from ref. 13 . 1.00 g of sieved NPSNPs was dispersed in a mixture of 90 mL ethanol and 1.13 mL water via ultrasonication for at least 2 h. To the welldispersed silica nanoparticles, 10 mL ammonia (25%), 200 mL water and 30 mL of a CTAB solution (0.11 M in ethanol/water mixture V EtOH : V H 2 O = 1 : 2) were added. This mixture was stirred for 4 h at ambient temperature (25 1C), then 2.2 mL of BTEB were added and further stirred overnight. Afterwards, the reaction mixture was transferred to screw lid glasses and stored at 60 1C for 24 h. The white precipitate was then filtered, washed with water and ethanol several times and dried at 60 1C. To remove the surfactant, an extraction analogous to the previously described procedure was performed. The core-shell nanoparticles are denoted as CSNPs.
Loading procedure
The two dyes methylene blue (MB) and fluorescein (FC) were loaded into the CSNPs simultaneously and were thus allowed to choose their preferred environment in the core or in the shell. For the loading, 100 mg of the resulting nanoparticles were stored in 10 mL of an ethanolic solution containing methylene blue (25 mM) and fluorescein (20 mM) for 2 days at 37 1C. As a blind sample, nanoparticles were stored in a pure solvent. As references, nanoparticles were stored in solutions containing only one of the dyes at the same concentration. Afterwards, the particles were centrifuged (6000 rpm), washed once with pure solvent and dried at 60 1C. In the following, nanoparticles loaded with both dyes are denoted as CSNP_FCMB, the blind sample as CSNP_BL and the references as CSNP_MB or CSNP_FC, marking their loading with methylene blue or fluorescein, respectively.
The loading with two drugs was also performed simultaneously, using an ethanol-water mixture (1 : 1) as the solvent and active agents at concentrations of 10 mM. Loading was carried out at 37 1C for 3 d. In addition to the sample containing both drugs, reference samples with only one of the two drugs were prepared. The ratio of particles to solvent as well as the processing after the loading were as mentioned before. In the following, nanoparticles loaded with both drugs are denoted as CSNP_IBUPRO and the references as CSNP_PRO or CSNP_IBU, marking their loading with procaine hydrochloride or ibuprofen.
Release experiments
The release experiments were performed in a three-fold determination in polypropylene tubes. To 5 mg of nanoparticles, 2 mL of pre-heated PBS were added and the mixture was stored at 37 1C. After certain times, the samples were centrifuged (15 000 rpm). The supernatants were separated and stored for UV/Vis analysis and fresh medium was added to the nanoparticles and the mixture was vortexed. This was repeated over several months.
Measurement and characterization
For investigations of particle size and morphology, transmission electron microscopy (TEM) was performed using an FEI Tecnai G2 F20 TMP instrument with a 200 kV field emission gun in brightfield mode. For the preparation of the samples, the nanoparticles were dispersed in ethanol via ultrasonication, dropped on a grid (400-mesh carbon-coated copper grids purchased from Quantifoil) and dried.
To characterize the organic components of the nanoparticles and to confirm the loading with dyes, Fourier-transform infrared spectroscopy (FT-IR) was conducted using a Bruker Tensor 27 instrument in transmission mode after the preparation of KBr pellets (Sigma Aldrich). The spectra were recorded in the range of 4000-400 cm À1 with a resolution of 2 cm À1 , baselinecorrected and normalized.
Thermogravimetric analysis (TG) and differential scanning calorimetry (DSC) were performed using a Netzsch STA 409 PC/ PG instrument using an Ar-O 2 -atmosphere (80 : 20) in the range of 40-1000 1C with a heating rate of 5 K min À1 .
For zeta potential and dynamic light scattering (DLS) measurements, a Malvern Instruments Zetasizer Nano NS instrument equipped with an autotitrator was used. The sample was dispersed in water (zeta potential) or ethanol (DLS). For the adjustment of the pH value, hydrochloric acid (0.2 M) and sodium hydroxide (0.2 M) were used.
Nitrogen physisorption measurements were performed on empty and loaded samples using a Quantachrome Autosorb-3 instrument. Samples were outgassed in a vacuum for 24 h at 100 1C or 60 1C (loaded samples). For calculation of surface areas and pore size distributions, the software ASiQwin (version 2.0) from Quantachrome was used applying the Brunauer-Emmett-Teller (BET) equation and density functional theory (DFT). The experimental data were fitted to Quantachrome Kernel ''N 2 at 77 K on silica (cylinder./sphere pore, NLDFT ads. Model)''. The single point method at p/p 0 = 0.95 was applied to determine the total pore volumes.
Water physisorption measurements were performed using a Quantachrome Aquadyne DVS-2 instrument at 25 1C in the range of 5-95% RH in 2% steps.
Hysteresis scans using desorption scanning were done with a 3Flex instrument from Micromeritics Instrument Corp. with nitrogen at 77 K.
Supernatants from the release studies of the dyes were measured via UV/Vis-spectroscopy carried out using a Tecan Spark 10 M instrument at the corresponding absorption maxima of the dyes at 37 1C. Supernatants from the release studies of the drugs were analysed via HPLC measurements at 35 1C using an Agilent instrument of the 1100 series with a Sciencix DAD-detector and a deuterium lamp. As the column, a Raptort C18 5 mm with dimensions of 150 Â 4.6 mm and a pore width of 90 Å was used. As the eluent, a mixture of water and acetonitrile starting with a ratio of water : acetonitrile = 95 : 5 and ending at a ratio of 5 : 95 over a period of 15 min was used.
Results and discussion
Characterization of core-shell nanoparticles A detailed characterization of the NPSNPs is not given here since porous silica nanoparticles are well-known and have been extensively reported in the literature. 39, 41 Nevertheless, some characteristics are mentioned in comparison with the final core-shell product, primarily to describe the changes occurring due to the shell synthesis.
FT-IR spectra ( Fig. 1A ; differences marked by grey boxes) show characteristic vibrational bands at 525 cm À1 (SiÀC stretching mode) and between 1491 cm À1 and 1387 cm À1 (aromatic CQC stretching and C-H vibrations) for the organic bridging units of the organosilica. These occur in addition to the dominant bands for siloxane at 1076 cm À1 and OH valence vibrations (from silanol groups as well as water) at 3400 cm À1 . Note that these bands are weaker in the CSNP material, as is the bending vibration of H 2 O (1630 cm À1 ). The bands which appear newly upon formation of the PMO shell match with known data from the literature 42 and confirm the formation of organosilica and its stability during the extraction at elevated temperatures (100 1C).
The successful shell growth can also be confirmed by comparison of pH-dependent zeta potential measurements ( Fig. 1B) performed on particle suspensions before and after shell formation. Most characteristic is the change of the isoelectric point from pH 2.4 (NPSNP) to 6.6 (CSNP). Noteworthy, the zeta potential at pH 9 is practically the same (À37 mV) for both types of nanoparticles; this is caused by deprotonated and therefore negatively charged silanolate groups, which are present in silica as well as in organosilica. These curves reveal the stability of nanoparticle dispersions under basic conditions due to the highly negative zeta potential. At the pH value of PBS (7.4), the particles are negatively charged, so a good electrostatic interaction with positively charged methylene blue or procaine hydrochloride in the following loading and release experiments is expected.
An important feature of the CSNPs presented here is that they are entirely porous. Nitrogen physisorption measurements showed that the NPSNPs and the core-shell nanoparticles exhibit high porosities with BET surface areas of 1000 m 2 g À1 and 600 m 2 g À1 , respectively. This is also confirmed by the determined total pore volumes of 1.0 cm 3 g À1 for the NPSNPs and 0.6 cm 3 g À1 for the CSNPs. In addition, the pore size distribution (Fig. 2B ) for the core-shell nanoparticles shows two maxima at 2.6 nm and 3.8 nm for the pore diameter. The assumption that one of both pore diameters can be assigned to either the silica or the organosilica is confirmed by comparison of the pore size distributions of pure phenylene PMO and nanoporous silica nanoparticles which were stored in a reaction solution for shell growth without adding the organosilica precursor. These diameters show a maximum at 2.6 nm for the PMO material and a maximum of 4.1 nm for the silica core material. Both these maxima are combined in the bimodal pore size distribution of CSNPs. The physisorption isotherm of the CSNPs with type IV behavior ( Fig. 2A ) also shows a characteristic drop of the desorption branch at a relative pressure of 0.47 indicating a cavitation process. 43 This often occurs in combination with ink-bottle 44 pores which have small pore necks in comparison to larger pore cavities. Spontaneously formed gas bubbles lead to a sudden emptying of the pore system resulting in a sharp drop at the hysteresis closure. Such larger cavities might have built up at the interface between the core and shell when one takes into account that during the synthesis of the PMO shell, the nanoporous silica core might have partially dissolved as a consequence of the basic conditions present during this final synthesis step. A similar behavior has already been reported by Haffer et al. 13 for similar core-shell nanoparticles, which, however, contain a dense nonporous silica core. To further characterize this special feature, a hysteresis scan measurement was performed (see the ESI, † Section S1 and Fig. S1 ) which confirms the cavitation mechanism for the desorption.
To investigate the hydrophilicity and the surface polarity of the materials, water physisorption measurements were performed (see Fig. 2C ). Water adsorption on the CSNP material occurs in two steps. The first one starts at very low pressures, as is typical of strongly hydrophilic mesoporous silica. From a relative pressure of about 0.6 onwards, water uptake increases. Mietner et al. 45 reported water sorption isotherms for pure mesoporous silica and phenylene-bridged PMO materials. The sorption curve measured on CSNPs can in principle be rationalized as a superposition of these isotherms, however, with the strong increases due to capillary condensation missing.
DLS measurements (Fig. 1C ) and TEM investigations ( Fig. 3 ) were used to characterize nanoparticles based on their sizes and morphologies (SEM images are shown in the ESI, † Section S2 and Fig. S2 ). Particle size distributions derived from DLS measurements show that the NPSNPs possess a hydrodynamic diameter of about 50 nm, which increases to 100 nm after the growth of the organosilica shell. However, the measurement also shows that the particles tend to agglomerate which was expected with regard to the pH-dependent zeta potential measurement, showing a value of À3.3 mV at the neutral pH of water. The increasing particle size also confirms the presence of the coating of the cores. TEM images show consistent results with particle diameters of 40 nm for the NPSNPs (Fig. 3A and B) and a total diameter of 80 nm for the CSNPs with a shell thickness of about 20 nm ( Fig. 3C and D) . In addition, TEM investigations could also confirm a certain agglomeration tendency for the CSNPs suggested by DLS analysis. Despite this, the spherical shape of both types of particles as well as their porosity is clearly revealed. It is also shown that the core-shell nanoparticles mostly include only a single core resulting overall in a monodisperse product.
Importance of silanol group density of NPSNPs
Multiple syntheses to reproduce the core-shell nanoparticles with a size of 80 nm revealed the importance of pretreatment of the NPSNP surface. In all syntheses, a complete organosilicashell around the NPSNPs was obtained but the reproduction of the particle size failed whenever NPSNPs were used directly after the calcination ( Fig. 4A and B) . The particles were mostly built up from multiple cores, which had agglomerated before the coating with organosilica took place, resulting in much larger nanoparticles with a total size of approximately 350 nm. A few single core nanoparticles were larger with a size of 160 nm due to a thicker shell since the -also presentagglomerated NPSNPs consumed less of the organosilica species than individual particles would have done. However, NPSNP samples, which had been stored under ambient conditions for longer times (e.g., three months), consistently produced small CSNPs of similar size, with each CSNP containing only one NPSNP core. Concluding from these observations, we assumed that the density of silanol groups on the NPSNP surface plays a key role in the successful preparation of such CSNPs with favorable characteristics. This can be rationalized when the silanol groups act as anchor points for the attachment of the organosilica shell. Directly after calcination, the silanol surface density is strongly reduced due to temperature-induced condensation reactions of silanol groups to siloxane groups. During extended storage under typical laboratory conditions, including air humidity, new silanol groups are formed by the hydrolysis of siloxane bonds. 46 To prove this hypothesis, additional silanol groups on the surface of the NPSNPs were generated using a mixture of hydrogen peroxide and ammonia to obtain pretreated silica nanoparticles (sample NPSNP_pt). With the NPSNP_pt, regular small CSNPs with one core per particle were obtained ( Fig. 4C and E) . Another option to adjust an appropriate amount of silanol groups on the surface of the NPSNPs is to use an extraction procedure instead of calcination for the removal of the surfactant. As extraction occurs at lower temperatures than calcination, condensation reactions are disfavored and NPSNP_ex with a high silanol surface density is obtained. In fact, NPSNP_ex samples deliver regular small CSNPs, each containing one core per particle ( Fig. 4D and F) . This line of reasoning is substantiated by FT-IR spectroscopy where the intensity of the signals related to silanol groups and water is higher for NPSNP_pt and NPSNP_ex samples than for freshly calcined NPSNPs (see ESI, † Section S3 and Fig. S3 ). Thus, both precursor nanoparticles, NPSNP_pt and NPSNP_ex, offer the possibility to synthesize regular small coreshell particles with time-efficiency. However, physisorption measurements revealed a strongly reduced surface area of 375 m 2 g À1 for NPSNP_pt samples in contrast to NPSNP_ex with a surface area of 725 m 2 g À1 . The strongly decreased surface area for NPSNP_pt results from partial degradation of the silica during the pretreatment due to the slightly basic conditions. The value for NPSNP_ex is still smaller in comparison to the BET surface area of NPSNP_ca (1000 m 2 g À1 ). This can probably be ascribed to residual surfactant molecules still present in the pores after extraction; weak FT-IR bands appearing at 2850 cm À1 and 2925 cm À1 for this sample support this interpretation (see ESI, † Section S2 and Fig. 2 ). Accordingly, with regard to applications requiring high porosity, the extracted nanoparticles NPSNP_ex or the calcined ones, NPSNP_ca, should be preferred. On the other hand, when traces of residual surfactant are causing concern (as in biomedical applications due to the cytotoxicity properties of the surfactant), NPSNP_pt or NPSNP_ca are the materials of choice. In any case, the NPSNP_ca have to be aged before use.
Loading with dyes
The successful loading of the nanoparticles (specifically, CSNPs using NPSNP_ex as the core) with dyes was confirmed qualitatively by a change of color from white to blue, turquoise or yellow for CSNP_MB, CSNP_FCMB or CSNP_FC, respectively. Besides, there are additional bands in the FT-IR spectra (Fig. 5 ) assignable to the incorporated dyes. There are vibrations at 1600 cm À1 and from 1400-1340 cm À1 which can be attributed to vibrations of carboxylate groups or CQN bonds as well as aromatic carbon-carbon bonds, which are part of the dyes. In addition, the incorporation of the dyes was indicated via TG-DSC measurements (see the ESI, † Section S4 and Fig. S4) showing a higher mass loss for loaded samples than for the blind sample CSNP_BL. Taking into account the mass loss due to adsorbed solvents, the amount of loaded dye was calculated. 5 mass% (m%) of the dye were loaded into CSNP_MB and 2 m% were loaded into CSNP_FCMB; for CSNP_FC, a mass loss due to the incorporated dye compared to CSNP_BL could not be detected. 
Loading with drugs
For the drugs, the loading was confirmed via HPLC measurements. The drug solutions were analyzed before and after the loading assuming that the difference between both concentrations had been adsorbed by the nanoparticles. With this method, for the nanoparticles loaded with a single drug, an amount of 51.8 mg mg À1 of ibuprofen and 163 mg mg À1 of procaine hydrochloride was determined. For the CSNPs containing both drugs, the values were slightly higher with 59.9 mg mg À1 of hydrophobic ibuprofen and 178.4 mg mg À1 of the hydrophilic drug.
Release experiments with dyes
Release experiments were carried out in PBS at 37 1C for CSNPs loaded with either fluorescein or methylene blue or with both dyes simultaneously. As shown in Fig. S5 (see the ESI, † Section S5), the supernatants for the reference sample CSNP_FC have a weak yellow color and exhibit a strong green fluorescence under UV at the very beginning of the release, both of which fade rapidly. Correspondingly, the release curve in Fig. 6 (orange trace) shows an initial burst release quickly reaching a plateau with an amount of 3 mg mg À1 released after 35 days. According to the quick release, the diffusion path is assumed to be short and therefore the fluorescein is likely to be adsorbed on the surface and in the PMO shell of the particle.
In contrast, the reference sample CSNP_MB (supernatants are shown in the ESI, † Section S5 and Fig. S5 ) releases the hydrophilic methylene blue, after an initial rise, in a nearly linear fashion over several weeks ( Fig. 6; blue curve) . This initial release probably results from dye molecules adsorbed at the particle surface or located in the shell; however, the delayed release occurring later on indicates that most of the dye is accumulated in the hydrophilic core. The delayed release results from the longer diffusion path and the linearity continues until the dye reservoir inside the particle is consumed; then, also for CSNP_MB, a plateau is reached with a total amount of 83 mg mg À1 of released methylene blue after 232 days. It might be expected that the dual release from CSNP_FCMB nanoparticles loaded with both dyes should result in a mere combination of the individual release curves observed on CSNP_FC and CSNP_MB. This is not the case, however. Fig. 7 presents the supernatants obtained from the dual release experiment under visible and UV light. Under visible light, the samples show a yellow color in the beginning based on the fast release of fluorescein. Afterwards, the color changes to light green (after 1 d) and then to blue; thereafter, the intensity of the blue color increases before it starts to fade after 100 d, corresponding to a later start of the release of methylene blue and a highly extended liberation. Under UV light, only the release of fluorescein can be followed. The observations substantiate those made for the fast appearance of the yellow color under visible light, and its fast fading. However, as the fluorescence signal is much more sensitive, the liberation of very small amounts of fluorescein can still be detected even after more than 100 d.
The colorations were quantified and the release curves ''FC from CSNP_FCMB'' (red curve) and ''MB from CSNP_FCMB'' (green curve) are shown in Fig. 7 . For fluorescein, on a first glance, the general shape of the release curves is similar, irrespective of whether we consider the release from CSNPs which were loaded with FC only or which were loaded with both dyes, both corresponding to a burst release. We therefore rationalize that the non polar fluorescein molecules are predominantly adsorbed on the outer hydrophobic PMO shell. However, for CSNP_FCMB, the total amount of released hydrophobic dye is 30 mg mg À1 and thus ten times higher than that for the single dye system. Besides, there is also a range (from day 1 to day 120) where the red curve shows a linear increase, corresponding to Fig. 6 Cumulative release of dye release systems. CSNP_FC shows a fast burst release of fluorescein (orange curve); CSNP_MB shows (after an initial burst) an extended and nearly linear release of MB (blue curve). From CSNP_FCMB, a sequential release is observed. First, fluorescein is released quickly, again in a burst release fashion (red curve). The liberation of methylene blue is clearly delayed and shows a strong increase only after 28 days (green curve). Then, there is a continuous delivery of MB extending up to more than 200 days. constant albeit small amounts of fluorescein liberation. This indicates that some fluorescein molecules are located deeper inside the particle leading to a longer diffusion path during the release experiments. Both these peculiarities could be explained when it is assumed that methylene blue and fluorescein molecules interact with one another via p-p interactions between their aromatic moieties. Although fluorescein-methylene blue complexes have not been described in the literature, it is well-known that especially methylene blue is prone to form such complexes with other aromatic entities (e.g., nucleo-bases, carbon nanotubes) 47, 48 and, specifically, also with itself, forming dimers. 49, 50 Here, we presume that methylene blue interacts with fluorescein, forming MB-FC complexes. Consequently, during loading, part of the fluorescein is carried deeper into the particles, since the methylene blue also interacts electrostatically with the hydrophilic silica in the core. Another difference can be found between CSNP_FCMB (Fig. 6 green curve) and CSNP_MB (blue curve). Methylene blue is also released from the CSNP_FCMB material at the beginning to a minor degree, possibly due to some dye molecules located in the outer PMO shell. However, the released amount is small and only increases after 28 d when most of the fluorescein has left the nanoparticles, indicating that the methylene blue molecules reside in the core of the particles. The shape of the release curve for MB from CSNP_FCMB is very similar to that of MB from CSNP_MB, apart from the shift of about 28 d. In total, 95 mg mg À1 of methylene blue are released from the CSNP_FCMB, extending over a period of at least one year.
Our interpretation of these results is as follows: during loading, the charged and polar MB is preferentially adsorbed in the inner hydrophilic core of the CSNPs. On their travel to the core, MB molecules may carry more FC molecules deeper into the nanoparticles. Nevertheless, the non polar FC molecules predominantly reside in the hydrophobic outer core. It is worth noting that the loading into the different parts of the nanoparticles occurs autonomously and self-selectively from one solution, i.e., a time-consuming individual loading is not necessary. When the release starts, FC is quickly liberated from the shell of the nanoparticles. Only when the pores of the PMO shell have been liberated to a large degree from the FC molecules, the release of MB molecules becomes significant. From then on, similar amounts of MB are released within a time unit in a regular fashion. Here, the PMO shell acts as a diffusion barrier which passively controls the release of MB molecules, firstly due to the long diffusion pathways the molecules have to travel, but secondly also due to the hydrophobic environment which they have to traverse. In this way, a controlled release lasting for a long time is established.
We investigated the particles at the end of the release (after one year) by TEM (see the ESI, † Section S6 and Fig. S6 ). The particles are basically still intact, at least the shell giving the particles their outer shape is still present. A more thorough time-dependent investigation of the stability of the particles will be given elsewhere. 51 
Release experiments with drugs
The release behavior of CSNPs as observed in the experiments with the dyes is also of considerable interest for the sequential release of drugs, for example when an antibiotic is initially released quickly and in high doses, followed by, e.g., an antiinflammatory agent, which is provided for an extended time period. To test for the transferability of the sequential release system, we chose the ibuprofen and procaine hydrochloride system. This dual drug system was used in the testing of a sequential release system based on copolymer nanoparticles with a hydrophobic core and a hydrophilic shell. 52 Ibuprofen is a hydrophobic pain-relieving and anti-inflammatory drug and procaine is a local anesthetic drug, made highly water soluble by the formation of the ammonium chloride salt through the addition of HCl (procaine hydrochloride).
The resulting release curves, determined by HPLC on supernatants, are presented in Fig. 8 . As expected, the hydrophobic drug ibuprofen is liberated with a burst release from the CSNP_IBU sample as well as from the dual drug system CSNP_IBUPRO. Almost all ibuprofen is liberated during the first hours, so that these curves soon reach a plateau with a maximum release of 4.0 mg mg À1 for the reference sample loaded only with ibuprofen and 6.5 mg mg À1 for the amount of ibuprofen from the dual drug system. Interestingly, the higher amount of ibuprofen released from the dual drug CSNPs in comparison to the single drug CSNPs corresponds to the results from the dye experiments. It may be hypothesized that a similar mechanism like the one proposed above is at work here, too, i.e., the introduction of the more hydrophobic substance to the hydrophilic core through interactions between the two guest molecules.
For the hydrophilic drug procaine hydrochloride, there is also a strong increase of the amount released in the beginning of the experiment. The release curve then flattens out and from day 7 gives way to a regular continuous linear release, which would possibly still continue for longer than the actual observation time of 28 d. The released amounts after 28 d are Fig. 8 Cumulative release of drug release systems. CSNP_IBU shows a fast burst release of ibuprofen (orange curve); CSNP_PRO shows after an initial burst an extended and nearly linear release of procaine (blue curve). From CSNP_IBUPRO, a sequential release is observed. First, ibuprofen is released quickly (red curve), accompanied, however, by a starting release of procaine (green curve). After the early saturation of the ibuprofen release, the liberation of procaine attains a linear progression, extending for more than 28 days. 11.4 mg mg À1 for PRO from CSNP_PRO and 11.1 mg mg À1 for PRO from CSNP_IBUPRO.
In general, a similar interpretation holds for the dual drug release system as for the dual dye release system: the non polar substance ibuprofen resides in the outer PMO shell and becomes initially released in a burst release fashion. The charged and polar substance procaine hydrochloride is to a large extent adsorbed on the hydrophilic core, resulting in an extended linear release where the PMO shell serves as a diffusion barrier. The fact that the sequential character of the drug release is less obvious than that of the dye release may be attributed to several influences. First, the loading concentration was much lower due to the poor solubility of the drugs, meaning that the pores are not fully occupied, allowing for early ''leakage'' of the core guest substance PRO. Secondly, the fact that the drug molecules are smaller allows for a generally higher diffusivity, allowing for intermixing of the substances. Thirdly, the differences in polarity or hydrophilicity/ hydrophobicity are probably less pronounced in the drug molecules than in the dye molecules. Correspondingly, the sequential character of the dual release of ibuprofen and procaine hydrochloride from copolymer core-shell nanoparticles is also less pronounced. 52 Finally, we note that for a therapeutic application, the probably more suitable sequence for the release of PRO and IBU would be the other way round, with the procaine acting quickly as a local anaesthetic, followed by the anti-inflammatory drug ibuprofen, as was the case in the work on copolymer nanoparticles. In this respect, it is of interest that recently nanoporous core-shell nanoparticles with an ''inverted'' construction compared to ours (PMO core/nanoporous silica shell) were described. 30 
Conclusion
Core-shell nanoparticles consisting of a silica core and an organosilica-shell based on phenylene bridging units, which are both completely nanoporous, were successfully synthesized. For the synthesis, a sufficient density of surface silanol groups on the NPSNPs is necessary, which can be achieved by (i) storing calcined NPSNPs under ambient conditions for extended time periods; (ii) by a pretreatment of calcined NPSNPs with a mixture of hydrogen peroxide and ammonia; (iii) or by using extraction instead of calcination for surfactant removal. An extraction should be preferred due to economy of time and since the pretreatment leads to loss of porosity. The porosity was confirmed using physisorption measurements. The particles showed a bimodal pore size distribution and a physisorption isotherm indicating cavitation. By carrying out DLS and TEM investigations, a particle diameter of 80 nm and a spherical shape were revealed. The core particles have a diameter of ca. 40 nm, and the shell has a thickness of around 20 nm.
To test the CSNPs as a sequential delivery system, proof-ofconcept experiments were performed with dyes due to simpler analytical determination. The release experiments showed fast releases for the non polar model dye fluorescein indicating a shorter diffusion path and therefore its location in the hydrophobic PMO shell. Then, sequentially, polar methylene blue is released steadily over several months and for a total time of at least one year, proving its preferred accumulation in the hydrophilic silica core, which is supported by electrostatic interactions between the negatively charged silica at a pH of 7.4 and the positively charged dye. The long-term controlled release is ascribed to the PMO shell acting as a diffusion barrier.
After the successful proof of concept, the CSNPs were tested for sequential drug release applications using ibuprofen as an non polar drug molecule and procaine hydrochloride as a hydrophilic active agent. Also, in this case, a sequential release can be observed, although less well differentiated than in the case of the dyes, possibly due to the insufficient differences in polarity or to the simpler interdiffusion of the smaller molecules.
It is noteworthy that the selectivity of the two pore systems versus the adsorption of the polar/non polar drugs/dyes is strong enough so that the guest molecules can be loaded simultaneously in one procedure, avoiding the application of time-consuming individual loading procedures for each drug/dye.
In conclusion, our results prove that the continuously porous CSNPs are promising candidates for the sequential delivery of drugs. The pore systems of the nanoporous silica and the periodic mesoporous organosilica could in principle be further adapted to this task by chemical modification, e.g., by silanization or reactions at the organic bridges. Although the biocompatibility of the individual material components does not give rise to concern, cell culture experiments and animal tests with clinically relevant combinations of drugs should follow to further develop continuously nanoporous CSNPs for sequential drug release.
